ibly shifted I h activation to more negative potentials and decreased hyperpolarization-activated current, I h (Akopian and Wit-I h current amplitudes. These effects were blocked by concomitant kovsky 1996; Jiang et al. 1993 ).
application of dopamine with sulpiride, a selective dopamine D 2
Because I h is present in rat ORNs (Lynch and Barry receptor antagonist. The effects of dopamine were mimicked by quinpirole. Quinpirole (20 mM) decreased I h current amplitude, 1991a), we explored the possible modulatory role of DA on but was without effect on I h voltage dependence of activation. this current. I h is a hyperpolarization-activated current that However, 50 mM quinpirole produced both a reduction of I h peak was first described as I f in the heart (Brown and DiFrancesco currents and a hyperpolarizing shift in the activation curve for I h . DiFrancesco et al. 1986 ; Yanagihara and Irisawa External application of the adenylyl cyclase inhibitor SQ 22536 1980) and as I h in peripheral and central neurons (Akasu et produced a reversible decrease in peak currents but had no effect al. 1993; Bobker and Williams 1989; Crepel and Penit-Soria on I h voltage dependence of activation, whereas internal application 1986; Halliwell and Adams 1982; Hestrin 1987 ; Maccaferri of cAMP shifted I h activation to more depolarized potentials. Beet al. 1993; Mayer and Westbrook 1983; Pape and McCor- cause I h modulates cell excitability and spike frequency adaptation, mick 1989; Spain et al. 1987; Takahashi 1990 ) including our findings support a role for dopamine in modulating the sensitivORNs (Corotto and Michel 1994; Lynch and Barry 1991a) . ity and output of rat ORNs to odorants.
Despite small variations in the voltage range of activation and kinetics, the current shares some general characteristics:
I N T R O D U C T I O N
it is a slowly activating, noninactivating current that activates at or close to the resting membrane potential. The current Extrinsic innervation by sympathetic fibers from the supeis resistant to block by tetrodotoxin, tetraethylammonium, rior cervical ganglion is responsible for the high levels of BaCl 2 or 4-aminopyridine, but is readily blocked by CsCl norepinephrine (NE) and dopamine (DA) found in the (Lynch and Barry 1991a; Tokimasa and Akasu 1990) . I h is mammalian olfactory mucosa (Kawano and Margolis 1985) .
a mixed K / -Na / current with a permeability ratio of 5.2:1 The actions of these neurotransmitters on olfactory sensitivand a reversal potential of 036 mV in physiological condiity were tested in rat behavioral studies. Although NE was tions (Lynch and Barry 1991a) . Thus when active, I h will without behavioral effect (Doty et al. 1988) , activation of depolarize the cell. Functionally, I h is important in setting dopamine D 2 receptors with quinpirole (a D 2 receptor agothe resting membrane potential (Bal and McCormick 1997; nist) significantly depressed odor detection performance Trotier and Doving 1996; Wang et al. 1997; Womble and (Doty and Risser 1989) . Both D 1 and D 2 dopamine receptors Moises 1993) and in controlling cell excitability and neuare present in most regions of the olfactory pathway, but ronal firing pattern (Akasu et al. 1993; Maccaferri et al. only D 2 receptors have been identified in olfactory receptor 1993; Maccaferri and McBain 1996; MCCormick and Pape 1990b; Tabata and Ishida 1996; Wang et al. 1997) . With The costs of publication of this article were defrayed in part by the its important role in shaping cell output, I h was a likely payment of page charges. The article must therefore be hereby marked candidate for DA modulation in rat ORNs. We found that ''advertisement'' in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
DA shifted I h voltage dependence of activation to more hy-I was the peak current activated at the end of each hyperpolarizing perpolarized potentials and reduced its peak currents through voltage step (V ), and V r was the reversal potential (027 mV) activation of a dopamine D 2 receptor. These findings suggest (Lynch and Barry 1991a Cell preparation and culture determining DI during the sustained phase of the current response and dividing DV by DI. Cell capacitances were determined acRat ORNs were dissociated with a modification of previously cording to Q/DV where Q was the amount of charge moved (deterdescribed procedures (Lynch and Barry 1991a; Ronnett et al. mined by integrating the area under the capacity transient) and DV 1991). Briefly, adult male Simonsen albino rats (Ç200 g) were was the voltage change (10 mV). Average cell capacitance and R i handled according to the policy of The American Physiological were 4.5 { 0.1 pF and 3.7 {1.1 GV (n Å 88), respectively. The Society regarding the use and care of animals. Rats were deeply average uncompensated series resistance (R s ) was 29.4 { 1.4 MV anesthetized with 150 mg/kg ketamine / 15 mg/kg rompum (Mal-(n Å 88). The residual voltage error associated with the R s relinckrodt Veterinary; Mundelein, IL) and killed by decapitation. maining after compensation ranged from 1-3 mV and was not The olfactory epithelium from the nasal septum and turbinates was corrected for. The liquid junction potential between either the 25 dissected under 100% oxygen vapor. The tissue was placed mM K / rat Ringer or normal rat Ringer and the internal solution in divalent cation-free rat Ringer solution [(in mM) 145 NaCl, was /8 mV (calculated using Axoscope, Axon Instruments) and 5.6 KCl, 10 N-2-hydroxyethlpiperazine-N-2-ethanesulfonic acid was subtracted from all records. All averages are reported as means (HEPES), 10 glucose, 4 ethylene glycol-bis(b-aminoethyl ether)-{ SE, n Å number of cells tested for which a complete protocol N,N,N,N-tetraacetic acid (EGTA) (pH 7.4), 300 mOsm] con-was obtained. Statistical comparisons were made using Student's taining 10 mg/ml bovine serum albumin, 1 mg/ml collagenase t-test and P values õ 0.05. (GIBCO BRL; Grand Island, NY), 50 mg/ml deoxyribonuclease II, and 44 U/ml dispase (GIBCO BRL) and incubated with gentle Solutions shaking (80 rpm) at 37ЊC for 60 min. Following incubation, the tissue was transferred to fresh divalent cation-free rat Ringer and
The external and internal solutions used in these experiments incubated with gentle shaking at 37ЊC for 5 min. The tissue was were similar to solutions used previously to characterize I h in rat then triturated and filtered using a 53-mm monofilament cloth ORNs (Lynch and Barry 1991a). The external bath solution in-(Small Parts, Miami Lakes, FL). Cells were plated onto concana-cluded 1) rat Ringer (in mM): 140 NaCl, 5 KCl, 1 MgCl 2 , 2 valin A (10 mg/ml; Sigma type IV) coated glass coverslips placed CaCl 2 , 10 HEPES, 10 glucose (pH 7.4), 300 mOsm; 2) 25 mM in 35-mm petri dishes. The dishes were placed at 37ЊC in a CO 2 K / rat Ringer (in mM): 120 NaCl, 25 KCl, 1 MgCl 2 , 2 CaCl 2 , incubator until used (up to 4 days). There was no change in the 10 HEPES, 10 glucose (pH 7.4), 300 mOsm. The internal patch properties of I h over time in culture. The culture media was replaced solution was (in mM) 125 KF, 15 KCl, 11 EGTA, 10 HEPES, 3 daily and consisted of Dulbecco's modified Eagle medium MgCl 2 , 2 NaATP, 1 glutathione, 5 tetraethylammonium (TEA) (GIBCO BRL) supplemented with 100 mM ascorbic acid, 1 1 (pH 7.2), and 310 mOsm. For adenosine 35-cyclic monophosinsulin-transferrin-selenium-X (GIBCO BRL) and 2 mM gluta-phate (cAMP) experiments, a stock solution of cAMP was made mine, 100 U/ml penicillin G, 100 mg/ml streptomycin (Irvine fresh and was added to the internal solution. Stock solutions of Scientific, Santa Ana, CA). All chemicals were obtained from DA, SQ 22536 (SQ, Calbiochem-Novabiochem, San Diego, CA), Sigma Chemical (St. Louis, MO) unless stated otherwise.
quinpirole, sulpiride, and CsCl were made fresh and added to the external solution. Ascorbic acid (2 mM) was added to the DA solution to retard oxidation and had no effect on I h when applied
Electrophysiological recordings
in control solutions. All chemicals were obtained from Sigma Standard whole cell voltage-clamp and current-clamp recording Chemical unless stated otherwise. techniques (Hamill et al. 1981) were performed. Electrodes (10-12 MV resistance in 25 mM K / rat Ringer) were pulled on a R E S U L T S Flaming/Brown P87 puller from thick-walled (0.64 mm) borosilicate filament glass (Sutter Instrument, San Rafael, CA). Coverslips Characterization of I h in rat ORNs with adherent cells were placed into the recording chamber and Whole cell recordings were made from cultured adult rat perfused with external bath solution at a rate of 1-2 ml/min. Test solutions were delivered either by exchange of the bath solution ORNs. Hyperpolarization of rat ORNs to test potentials more perfusing the recording chamber or by a multibarrel, rapid solution negative than 068 mV from a holding potential of 058 changer. Both the external bath solution and the test solutions were mV activated a slowly activating, inwardly rectifying current maintained at 35ЊC unless stated otherwise. The bath solution was (Fig. 1Aa) . The magnitude of the current increased as the grounded with either a silver-silver chloride pellet bath electrode membrane was hyperpolarized to more negative potentials. No inactivation of the current was observed. Application of Voltage-clamp and current-clamp tial not only activated I h , but also activated an instantaneous temperature on the voltage dependence of I h activation. The potential for half-maximal activation (V 1/2 ) was calculated inward current (I inst ), which was insensitive to CsCl ( Fig.  1Ab and Ad). We measured I inst as the value immediately as described in the METHODS and in Figs. 3 and 4. In cells perfused with 25 mM K / rat Ringer, the V 1/2 ranged from after the end of the capacitance transient (Parkis and Berger 1997). I inst was identical in amplitude to the Cs / -insensitive 089 to 0124 mV; the average V 1/2 and slope factor were 0118 { 5 mV and 09 { 2 mV, respectively (n Å 10). current component (Fig. 1, Ab and B) . Therefore in all subsequent experiments the I h component of the total current Increasing [K / ] o produced no change in the V 1/2 , whereas increasing the bath temperature from 25 to 35ЊC produced elicited by hyperpolarization was isolated by subtraction of either the Cs / -insensitive current or the I inst . In addition, a 13 { 2 mV (n Å 5) hyperpolarizing shift in the averaged V 1/2 (data not shown). Thus to maximize the amplitude of cells that showed changes in I inst over the course of the experiments were not included in the data analyses.
I h , all experiments shown were conducted at 35ЊC with 25 mM K / rat Ringer as the external solution (control condi-I h current amplitude was reported to depend on extracellu- Figure 3A shows an example of the effect of DA on I h amplitude. A similar effect was observed by increasing bath temperature: when the bath temperature was increased from recorded from a cell perfused with control solution and 1 mM DA. Application of 1 mM DA reversibly decreased the 25 to 35ЊC, I h current density was significantly increased by 180 { 1% (n Å 5) at a voltage of 0108 mV (Fig. 2B) . We amplitude of I h (Fig. 3A) . The inhibitory effect of DA was observed at all potentials at which I h was activated. In this also investigated the effects of increasing [K / ] o and bath
12-30-98 14:57:11 neupa LP-Neurophys cells that responded to DA with a decrease in current amplitude showed a hyperpolarizing shift in the V 1/2 of activation. Figure 3D shows the average V 1/2 for I h recorded from cells under control conditions and from the same group of cells bathed in 1 mM DA. Under control conditions, the average V 1/2 and slope factor (k) for I h were 0128 { 5 and 08 { 2 mV, respectively (n Å 5). When DA was applied, the average V 1/2 and k for I h were 0137 { 4 and 08 { 1 mV (n Å 5), respectively. Dopamine produced a significant 9 mV hyperpolarizing shift in the voltage-dependence of activation of I h without a significant change in the slope factor, indicating that the sensitivity of I h to changes in voltage was unaffected. To verify the physiological relevance of these findings, we performed similar experiments in normal rat Ringer (5 mM external K / ). We found that 1 mM DA reduced I h current amplitude at 0100 mV by as much as 47% (average reduction at 0100 mV was 23 { 12%, n Å 3) and I h g max by 21 { 6% (n Å 3). In addition, DA produced a 5 mV hyperpolarizing shift in the V 1/2 in one of three cells that responded (data not shown).
SQ 22536 and cAMP modulate I h
In other preparations, changes in intracellular levels of cAMP ([cAMP] of the adenylyl cyclase inhibitor SQ and of adding a high concentration of cAMP to the internal solution. Figure 4A shows an example of the effect of SQ on I h recorded at 0110 cell, DA produced a 50 { 1% (n Å 3 trials) reduction of I h peak currents at 0128 mV. Figure 3B shows the I-V relation-mV from a cell perfused with control solution and 500 mM SQ. In this cell, application of SQ produced a 20% decrease ships for the cell illustrated in Fig. 3A . The inhibitory effect of DA was observed in 5 of 13 cells tested in voltage-in the peak current amplitude at 0110 mV. This reduction was reversed after a 2-min wash in control solution (data clamp experiments and 1 of 2 cells tested in current-clamp experiments (data not shown). On average, at a potential of not shown). Figure 4B shows the I-V relationships for the cell illustrated in Fig. 4A . SQ produced a significant de-0108 mV, 1 mM dopamine produced a 50 { 10% (n Å 6) inhibition of I h current amplitude.
crease in I h peak current amplitude. Similar effects were observed in four of seven cells tested. On average, at a The inhibition of I h peak currents could be due to a reduced conductance, a shift in the voltage dependence of potential of 0100 mV, 500 mM SQ produced a 26 { 12.6% (n Å 4) reduction of I h current amplitude. activation, or both. To determine which parameters DA modulated, we examined I h conductance-voltage relationships To test if, like dopamine, SQ also shifted the voltage dependence of activation of I h , the Boltzmann fits of normal-(g-V, activation curve) in the absence and presence of 1 mM DA. The conductance at each potential was calculated as ized g-V relationships were analyzed. The inset in Fig. 4B shows the g-V relationships for the cell shown in Fig. 4A . described in the experimental procedures, and g-V relationships in DA were normalized to the control. The maximum The V 1/2 and slope factor under control conditions and in SQ for this cell were identical: 0108 and 06 mV, respecrelative conductance (g max ) in DA for each cell was averaged and plotted in Fig. 3C . Application of 1 mM DA reduced tively. Figure 4C shows the average V 1/2 under control conditions and in 500 mM SQ for the four cells that showed a the g max of I h by 37 { 6% (n Å 5).
To determine if DA also shifted the voltage dependence reduced current amplitude when perfused with SQ. The average V 1/2 and slope factor for I h under control conditions were of activation of I h , all of the g-V relationships were normalized to their maximum, and the potential for half-maximal 0102 { 3 and 06 { 0.4 mV (n Å 4), respectively. When the cells were perfused with 500 mM SQ, the average V 1/2 activation (V 1/2 ) was obtained from the Boltzmann fit of the g-V relationships. (V 1/2 Å 0118 { 5 mV, slope factor Å 09 { 2, n Å 10), internal application of cAMP produced a 28 mV depolarizing shift in the activation curve of I h without a significant change in the slope factor. Because cAMP perfused rapidly into the cell, we were unable to assess whether cAMP also modulated the g max as shown for DA in Fig. 3C . These data demonstrate that intracellular levels of cAMP can modulate I h activation in rat ORNs.
D 2 agonist mimics effect of DA on I h while antagonist blocks the DA effects
Dopamine can activate several types of DA receptors. In particular, activation of D 2 dopamine receptors decreases [cAMP] i by inhibition of adenylyl cyclase activity (Baldessarini and Tarazi 1996). Because our results with SQ showed that inhibition of adenylyl cyclase mimics some of the effects observed with DA, we used quinpirole (a selective dopamine D 2 receptor agonist) to test if D 2 receptor activation and subsequent inhibition of adenylyl cyclase mediate the effect of DA on I h . In voltage-clamp experiments, I h was activated by hyperpolarizing voltage steps from a holding potential of 058 mV under control conditions and when the cells were perfused with either 20 mM or 50 mM quinpirole. In three of seven cells, application of 20 mM quinpirole produced a 35 { 11% (n Å 3) reduction on I h current amplitude at a potential of 0100 mV, and a 38 { 5% (n Å 3) decrease of g max without producing a significant shift in the voltage dependence of I h activation (data not shown). When the FIG . 5. Adenosine 3,5-cyclic monophosphate (cAMP) modulates the higher concentration (50 mM) of quinpirole was used, both g-V relationships of I h . A: current traces from 2 different cells (control and effects were observed; 50 mM quinpirole produced a reversinternally perfused with 1 mM cAMP) were normalized to their peak curible decrease in I h current amplitude in 5 out of 11 cells rents at maximal conductance (0158 mV) and superimposed. Cells were held at 058 mV and stepped to either 088 or 0128 mV. Scale bar, normal-and a hyperpolarizing shift in the voltage-dependence of ized amplitude (I/I max ). B: g-V relationships are shown for 3 different cells activation of I h in three out of the five cells that responded under control (1 mM DA) and internal 1 mM cAMP. V 1/2 of activation and to 50 mM quinpirole (Fig. 6, A and B) . In the cell shown slope factor for the cell under control conditions in DA and with cAMP in Fig. 6A , 50 mM quinpirole produced a 100% inhibition were 0105, 07; 0121, 06; 091, and 04 mV, respectively.
of I h peak currents at 088 mV. On average, at 0100 mV, quinpirole produced a 38 { 16% (n Å 5) reduction in I h current amplitude. Conductance-voltage relationships for n Å 4) were not significantly different from control. We quinpirole were analyzed as described for Figs. 3-5. 50 mM also tested whether SQ decreased I h maximal conductance. quinpirole produced a 22 { 4% (n Å 5) decrease in g max For each cell that responded to SQ, the g max in SQ was and an 11 { 4 mV (n Å 3) hyperpolarizing shift in the normalized to the control value. The average value is shown V 1/2 with no change in the slope factor (07 { 1 and 07 { in Fig. 4D . Application of 500 mM SQ produced a 26 { 1 in control and 50 mM quinpirole, respectively; n Å 5). 4% (n Å 4) reduction on I h maximum conductance. There- Figure 6B shows the g-V relationships for the cell shown in fore the reduction of I h peak current amplitude produced Fig. 6A . In this cell, quinpirole reversibly produced a 13-by 500 mM SQ resulted from a reduction of I h maximal mV hyperpolarizing shift in the V 1/2 of I h activation with no conductance rather than from a shift in the voltage depen-change in the slope factor. dence of activation.
We also tested the effect of 50 mM quinpirole on I h in To further evaluate if changes in [cAMP] i can modulate current-clamp experiments. Cells were perfused with control I h activation in rat ORNs, we studied the effects of adding solution and 50 mM quinpirole; the effect of Cs / on the 1 mM cAMP to the internal solution: I h was recorded in steady-state voltage response was recorded. At 088 mV, voltage-clamp mode. Current traces (at 2 voltages) from a application of Cs / hyperpolarized the cell by 40 mV in control cell with a V 1/2 of 0112 mV are superimposed on control conditions, whereas in quinpirole, Cs / only produced traces from a cAMP-dialyzed cell with a V 1/2 of 079 mV a 26-mV hyperpolarization (Fig. 6B, inset) . This 14-mV (Fig. 5A ). Activation curves from three different cells under reduction was reversed after a 2-min wash with the control three different conditions (control, 1 mM DA and 1 mM solution. The quinpirole-induced reduction in Cs / -sensitive cAMP) are shown in Fig. 5B . The V 1/2 of activation for I h voltage responses at 0100 mV was observed in four of five when cAMP was internally applied ranged from 070 to 090 cells and averaged 14 { 3 mV (n Å 4). mV; the average V 1/2 and slope factor were 090 { 2 and
The involvement of dopamine D 2 receptors in the modulatory effect of DA on I h was also tested by using bromocrip- I h was activated by hyperpolarizing voltage steps up to 0168 mV from a holding potential of 058 mV. Peak currents were measured at the end of each 1.2 s voltage step. Inset: current traces obtained at 0108 mV when the cell was perfused with control solution (C) and 50 mM quinpirole (Q). Raw current traces were smoothed by a 10 point adjacent averaging (Microcal Origin). B: g-V relationships for cell shown in A. , control conditions (V 1/2 Å 0120 mV, slope factor Å 08); ᭺, 50 mM quinpirole (V 1/2 Å 0133 mV, slope factor Å 08). Recovery g-V relationship not shown. Inset: effect of quinpirole on steady-state voltage response of a different cell. Cell was current-clamped to 088 mV and perfused with control solution (C) and 50 mM quinpirole (Q). 5 mM CsCl was applied during the time indicated by the top bar. Because activation of I h produces a depolarization, its blockade with CsCl results in a membrane hyperpolarization. When quinpirole perfused the cell, the amplitude of the CsCl-induced hyperpolarization was reversibly reduced. C: I-V relationships for I h recorded when the cell was perfused with 5 mM DA / 5 mM sulpiride (᭡) and with 5 mM DA (छ). I h was activated by hyperpolarizing voltage steps up to 0130 mV from a holding potential of 050 mV. Peak currents were measured at the end of each 1.2-s voltage step. Data shown are mean values of 5 and 6 successive trials recorded when the cell was perfused with DA / sulpiride and with DA alone, respectively. Inset: current traces obtained at 090 mV when the cell was perfused with 5 mM DA (D) and 5 mM DA / 5 mM sulpiride (D / S). I inst was subtracted from raw current traces. D: g-V relationships for cell shown in C. ᭡, 5 mM DA / 5 mM sulpiride (V 1/2 Å 097 mV, slope factor Å 08); छ, 5 mM DA (V 1/2 Å 0106 mV, slope factor Å 08). Inset: maximal conductance in 5 mM DA (D) was normalized to the maximal conductance in 5 mM DA / 5 mM sulpiride (D / S) and averaged across 3 cells. tine, another selective D 2 dopamine receptor agonist. On two On average, at 090 mV, DA activated only 63 { 18% (n Å 3) of the current activated when the cells were perfused with cells that responded, 20 mM bromocriptine produced a 20 and a 23% reduction in I h current amplitude (at 0120 mV) DA / sulpiride. Conductance-voltage relationships were also analyzed. Figure 6D shows the g-V relationships for without a shift in the voltage dependence of I h activation (data not shown). Because of problems with precipitation the cell shown in Fig. 6C . In this cell, 5 mM DA produced a 9-mV hyperpolarizing shift in the V 1/2 of activation with of the solutions, bromocriptine was not tested further.
To further examine the involvement of D 2 dopamine re-no change in the slope factor compared with DA / sulpiride. No difference in the V 1/2 was observed in the other two cells ceptors in the dopaminergic modulation of I h , we tested the effects of DA when it was concomitantly applied with that responded to sulpiride (data not shown). To test for changes in maximal conductance, we normalized the maxisulpiride, a selective D 2 receptor antagonist. In voltageclamp experiments, I h was activated by hyperpolarizing volt-mal conductance activated when cells were perfused with 5 mM DA to the maximal conductance activated when the age steps from a holding potential of 050 mV when the cells were first perfused with 5 mM DA / 5 mM sulpiride and cells were perfused with 5 mM DA / 5 mM sulpiride. DA alone produced a 21 { 3.5% (n Å 3) reduction in g max (Fig.  also when the cells were perfused with 5 mM DA alone. Following the perfusion of DA / sulpiride, application of 6D, inset).
Collectively, the data presented in Fig. 6 show that activa-DA alone produced a significant decrease in I h current amplitude (Fig. 6C) . In this cell, at 090 mV, perfusion of DA tion of D 2 dopamine receptors in rat ORNs mimicked the effects of DA on I h , whereas blockade of the receptors activated only 27 { 1.2% (n Å 6 trials) of the current activated when the cell was perfused with DA / sulpiride. blocked the dopaminergic effects. Lower doses of D 2 agonists decreased I h current amplitude, whereas higher doses Similar effects were observed in three of eight cells tested.
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12-30-98 14:57:11 neupa LP-Neurophys were required to observe both the current amplitude reduc-been described in rod photoreceptors and ventral tegmental neurons. However, in both cases the dopaminergic inhibition tion and the shift in activation.
did not involved a cAMP cascade, but was secondary to a Ca 2/ -dependent activation of a G-protein (Akopian and D I S C U S S I O N Witkovsky 1996) or activation of a potassium conductance We investigated the dopaminergic modulation of the hy- ( Jiang et al. 1993; Watts et al. 1996) . Dopamine also moduperpolarization-activated current (I h ) in rat ORNs. We found lates I h in the lateral pyloric neuron of the spiny lobster that I h activated slowly on hyperpolarization to test potentials Panulirus interruptus; however, DA produced an enhancemore negative than 068 mV, showed no inactivation during ment of I h currents and a depolarizing shift in its voltage test pulses lasting ú1 s, and was reversibly blocked by CsCl. dependence for activation (Harris-Warrick et al. 1995) .
o enhanced I h current amplitude as predicted Thus in rat ORNs, DA inhibits I h through a different, novel by the increase in driving force, without shifting its voltage mechanism. range of activation. These characteristics are in agreement Further studies are needed to elucidate the third messenger with those previously described for I h in rat ORNs (Lynch pathway involved in the dopaminergic modulation of I h . We and Barry 1991a). The effect of temperature on I h was not propose that a dopaminergic-induced inhibition of adenylyl previously explored in rat ORNs, but its effects are similar cyclase activity and subsequent decrease in [cAMP] i is into the increase in current amplitude described in rabbit sino-volved, but the events downstream from this step are still atrial node cells (DiFrancesco and Ojeda 1980) and the obscure. In Purkinje cells and in sympathetic neurons, prohyperpolarizing shift in the activation curve described in tein kinase A inhibitors shifted I h activation to hyperpolarsheep Purkinje fibers (Hart 1983) .
ized potentials, reduced the magnitude of I h , and prevented We have demonstrated that DA modulates I h in rat ORNs. the effects of adenylyl cyclase activation (Chang et al. 1991 ; Dopamine produced a 37 { 6% (n Å 5) decrease in I h Tokimasa and Akasu 1990). These observations implicate relative conductance and shifted I h V 1/2 from 0128 { 5 mV protein kinase A in the tonic and receptor-mediated regula-(n Å 5) to 0137 { 4 mV (n Å 5). Although the current tion of I h current amplitude and activation curve. However, amplitudes were much smaller, similar DA effects were ob-in substantia nigra pars compacta neurons, neurotensin inserved when using a physiological [K / ] o . Because rat ORNs duced only a decrease in I h amplitude, which was blocked have high-input resistances, even small current changes pro-by specific protein kinase C inhibition; protein kinase A foundly affect membrane potential. For example, in 5 mM inhibition was without effect (Cathala and Paupardin-Tritsch [K / ] o and with an R i of 3.7 { 1.1 GV (n Å 88), a 3 pA 1997). Other pathways were also proposed. In sino-atrial reduction of I h by DA will result in an 11-mV hyperpolariza-node cells, both activated G-protein a-subunits (Yatani et tion of the cell membrane potential. In addition, rat ORNs al. 1990) and a phosphorylation-dependent mechanism (Achave a resting potential negative to 090 mV (Rajendra et cili et al. 1997 ) increased I h current amplitude. This observaal. 1992) indicating that the potentials at which we observed tion suggests a direct modulation of the I h channel by G the DA effects are within a physiological range. Dopamine's proteins. In addition, a direct action of cAMP on the I h effects were mimicked by quinpirole (a selective dopamine channel was demonstrated in inside-out patches excised from D 2 receptor agonist) and blocked by sulpiride (a selective sino-atrial node myocytes: cAMP activated I h by shifting its D 2 receptor antagonist). Inhibition of adenylyl cyclase activ-activation curve to more positive voltages (DiFrancesco and ity with 500 mM SQ produced a significant decrease in I h Tortora 1991) and induced facilitation of channel opening current amplitude and maximal relative conductance without (DiFrancesco and Mangoni 1994) . The findings observed a shift in the V 1/2 of activation; while internal perfusion of in sino-atrial node cells demonstrate a differential regulation 1 mM cAMP produced a depolarizing shift in the activation of I h . Thus the dopaminergic modulation of I h that we have range.
described might involve any or several of these pathways. Our data obtained from the experiments with DA, SQ, and quinpirole consistently showed that a decrease in current Mechanisms of dopamine-mediated modulation of I h amplitude is not always accompanied by a shift in the voltage dependence of activation, suggesting that the two are differModulation of I h by neurotransmitters and intracellular second messengers through multiple mechanisms has been entially regulated in rat ORNs. Further studies will test the involvement of each pathway described above. demonstrated in many other preparations including cardiac cells (DiFrancesco and Mangoni 1994; DiFrancesco and Tortora 1991; DiFrancesco and Tromba 1988a,b) and neu-Physiological significance rons (Bobker and Williams 1989; Ingram and Williams 1996; Larkman and Kelly 1997; McCormick and Pape Neurotransmitters have been shown to modulate firing frequency of sino-atrial node cells and cell excitability in 1990a; Tokimasa and Akasu 1990). We found that DA modulates I h through activation of a dopamine D 2 receptor. In neurons through modulation of I h . In the heart, I h participates in the spontaneous diastolic depolarization responsible for rat ORNs, DA activates a dopamine D 2 receptor resulting in inhibition of adenylyl cyclase activity via an inhibitory G i -pacemaking function and is modulated by NE and acetylcholine Guth and Dietze 1995) . In protein and subsequent reduction in cAMP production (Mania-Farnell et al. 1993) . We propose that the dopamine-thalamic relay neurons, enhancement of I h by activation of b-adrenergic or serotonergic receptors results in a decreased induced decrease in cAMP levels is responsible for the modulation of I h . This represents a novel mechanism by which response to hyperpolarizing stimuli, a subsequent dampening of rhythmic burst discharges, and a facilitation of single-DA modulates I h . An inhibitory action of DA on I h has cation current (I h ) in neurons of the medial nucleus of the trapezoid spike activity (McCormick and Pape 1990a 392, 1992. mucosa (Kawano and Margolis 1985) and mucus (Lucero CHANG, F., COHEN, I. S., DIFRANCESCO, D., ROSEN, M. R., AND receptor activation determined by this study. 360-365, 1994. In conclusion, we have demonstrated the modulation of CREPEL, F. AND PENIT-SORIA, J. Inward rectification and low threshold calcium conductance in rat cerebellar Purkinje cells. An in vitro study.
